Kennesaw State University

DigitalCommons@Kennesaw State University
Master of Science in Integrative Biology Theses

Department of Ecology, Evolution, and
Organismal Biology

Summer 6-27-2022

Ant cuticle microsculpture: diversity, classification, evolution, and
function
John Paul Hellenbrand

Follow this and additional works at: https://digitalcommons.kennesaw.edu/integrbiol_etd
Part of the Biodiversity Commons, Entomology Commons, and the Integrative Biology Commons

Recommended Citation
Hellenbrand, John Paul, "Ant cuticle microsculpture: diversity, classification, evolution, and function"
(2022). Master of Science in Integrative Biology Theses. 80.
https://digitalcommons.kennesaw.edu/integrbiol_etd/80

This Thesis is brought to you for free and open access by the Department of Ecology, Evolution, and Organismal
Biology at DigitalCommons@Kennesaw State University. It has been accepted for inclusion in Master of Science in
Integrative Biology Theses by an authorized administrator of DigitalCommons@Kennesaw State University. For
more information, please contact digitalcommons@kennesaw.edu.

Ant cuticle microsculpture: diversity, classification, evolution, and function

John Paul Hellenbrand

Department of Ecology, Evolution, & Organismal Biology,
Kennesaw State University, Kennesaw, GA

Committee Chair:
Dr. Clint Penick
Committee Members:
Dr. Todd Pierson
Dr. Chih-Cheng Hung

Table of Contents:
Abstract____________________________________________________________________ 4
Chapter 1: Ant cuticle microsculpture: diversity, classification, and function
Introduction___________________________________________________________ 5
Cuticle Composition_____________________________________________________7
Cuticle microsculpture: diversity and classification________________________ 11
Cuticle microsculpture: function________________________________________19
Microsculpture in art_________________________________________________ 27
Conclusions___________________________________________________________ 28
Box 1: Classification and verification______________________________________30
Box 2: Ancestral Trait Reconstructions and Microsculpture Lability___________ 32
Table
1_______________________________________________________________35
Figures
1_______________________________________________________________36
2_______________________________________________________________37
3_______________________________________________________________38
4_______________________________________________________________39
5_______________________________________________________________40
6_______________________________________________________________41
7_______________________________________________________________42

2

8_______________________________________________________________43
Box 1; Figure 1_____________________________________________.

44

Box 2; Figure 1_________________________________________________ _45
References__________________________________________________________ __46
Chapter 2: Nesting biology and diet explain the evolution of complex cuticle traits in ants
Introduction___________________________________________________________57
Methods ______________________________________________________________59
Results_______________________________________________________________ 64
Discussion ___________________________________________________________ 66
Table
1_______________________________________________________________71
2_______________________________________________________________72
Figures
1_______________________________________________________________73
2_______________________________________________________________74
3_______________________________________________________________75
4_______________________________________________________________76
References____________________________________________________________ 77
Statement of Integration_______________________________________________________81

3

Abstract
My thesis covers the intricacies of ant microsculpture diversity, classification, evolution and
function. To do this, the thesis is organized into two chapters. The first chapter is a review of ant
cuticle and microsculpture diversity as well as including analyses examining the evolution and
lability of microsculpture traits. I then review the literature for functional hypotheses related to
ant microsculpture. The second chapter explores the relationship of microsculpture and important
morphological, physiological, and ecological traits to evaluate support for functional hypotheses.
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Chapter 1: Ant cuticle microsculpture: diversity, classification, and function
Introduction
Ants are highly diverse and play important roles in terrestrial ecosystems (DEL TORO & al.
2012). But compared with other insects, they are relatively small and lack flashy coloration or
conspicuous ornamentation to distinguish one species from another. For this reason, ant
taxonomists have had to rely on more subtle features to distinguish species. One such feature is
cuticle microsculpture (BOLTON 1994). Ants often exhibit textured patterns on their cuticle that
range from simple striations to complex netted patterns (Fig. 1). Unsurprisingly, ant taxonomists
have developed a detailed lexicon of unique names to describe these intricate patterns (HARRIS
1979). Despite the effort put into naming these patterns, far less is known about the evolution
and function of cuticle microsculpture. Given the diversity of cuticle microsculpture patterns in
ants and other insects, it is likely these patterns have adaptive value and play important roles in
the biology of species that display these patterns.
At the most basic level, ants can be classified into two categories based on cuticle
microsculpture: smooth and rough. Smooth ants are free of obvious microsculpture and often
appear shiny, though they may have light scaling that creates a dull appearance. Rough ants, in
contrast, feature a number of different raised or depressed patterns in the cuticle, many of which
are key taxonomic characters (FISHER & COVER 2007, BLAIMER 2010). Cuticle microsculpture is
often found on the head and alitrunk, while the gaster tends to be conspicuously smooth with
some exceptions. Members of the genus Gnamptogenys, for example, have microsculpture
covering the petiole and the first two gastral segments (LATTKE 2012), but gastral sculpture has
only been documented in a small number of species, and even then, sculpturing tends be absent
from the most distal segments. Within species, cuticle microsculpture patterns are generally
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conserved, though they may differ between reproductive and soldier castes. Because
microsculpture tends to be conserved within species, these patterns have been used as key
taxonomic characters that have even been used to distinguish closely-related species in some
instances (JOMA & MACKAY 2013, BOOHER & HOENLE 2021).
The variety of terms used by taxonomists to describe cuticle microsculpture patterns in
ants can be helpful when trying to distinguish species, but the sheer number of terms can make it
difficult for broad comparisons required to assess the evolution and function of these patterns.
The definitive text on ant cuticle terminology—The Glossary of Surface Sculpturing by R.A.
HARRIS (1979)—contains over 100 terms describing the cuticle microsculpture patterns of ants.
When strung together, these terms create a language that can be nearly impenetrable for even the
most ardent student of myrmecology. Take, for example, a description of the workers of
Gnamptogenys biroi (EMERYI, 1901), which are described to have a “frons densely foveolate
with fine strigae frequently present on cuticle between foveolae,” a “clypeus longitudinally
costulate, vertex foveolate along anterior margin,” and a “scape that varies from mostly smooth
to longitudinally strigulose” (LATTKE 2004). Unsurprisingly, there can be substantial overlap
among terms, which may be useful for taxonomic comparisons but can make it difficult for broad
evolutionary comparisons.
In the following sections, we review past work on ant cuticle microsculpture and develop
a framework for classifying cuticle patterns into five broad categories. We then apply this
classification scheme to categorize over eleven thousand ant species, which we map onto a
current genus-level phylogeny. We use this phylogeny to investigate the repeated evolution of
microsculpture patterns among ants, and we review the major hypotheses for the function of
cuticle sculpture in ants. Finally, we discuss how these often unseen but beautiful patterns have
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inspired art that draws attention to ant diversity, and we discuss the future potential of these
patterns to lead to applications in bio-inspired design.

Cuticle composition
Insect cuticle is recognized as a key factor for their ecological success (KENNEDY 1927). Cuticle
provides structural support and internal sites for muscle attachment, serves as a canvas for
advertising visual and chemical signals, and offers protection from predators while restricting
water loss (WIGGLESWORTH 1948). While cuticle is relatively thin—typically 100-300 microns
in thickness—it is composed of a complex series of layers that are permeated by glands, hairs,
and setae (Fig. 2). The inner most layer is the basement membrane, which is a noncellular layer
that provides a stable attachment site for the epidermis. The next layer, the epidermis, is
composed of a single layer of epidermal cells that secrete the other layers of the cuticle. Finally,
the outer layers of the cuticle include the procuticle, which is thick and provides the primary
structural support (ANDERSEN 2010), and the epicuticle, which is a relatively thin layer of waxes
and lipids that coats the outer surface of the cuticle to prevent desiccation and provide olfactory
cues (WIGGLESWORTH 1948, CARLSON & al. 1971).
In ants, as in other insects, cuticle can range from rigid and inflexible to soft and elastic.
This depends both on the thickness of cuticle as well as its arrangement and composition. Cuticle
derives its strength from hydrogen bonds between adjacent chains of chitin, an amino-sugar
polysaccharide, β-(1–4)-poly-N-acetyl-D-glucosamine (MOUSSIAN 2019). Chitin forms flexible
microfibril bundles that are embedded in a protein matrix. The bundles are commonly arranged
in sheets with parallel microfibrils that lay on top of each other at a slight angle to produce a
helicoid arrangement that increases flexural stiffness and strength (BOULIGAND 1972,
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GREENFELD & al. 2020). Cuticle hardens through sclerotization, which is an irreversible process
that occurs as phenolic bridges form between protein chains or protein chains dehydrate to
become water insoluble. In ants, cuticle remains unsclerotized in larvae to remain elastic and
accommodate growth, and cuticle typically sclerifies after adult eclosion as individuals transition
from callows to mature workers. The degree of sclerotization determines the mechanical
properties of the surrounding cuticle (ANDERSEN 2012). Cuticle between articulated joints, such
as the joint supporting the head, retain softness and elasticity to allow a free-range of movement,
though the neck joint of some ants can still withstand pressures of 5000 times the ant’s weight
(NGUYEN & al. 2014). Mandibles are typically the most sclerotized resulting in cuticle that
possesses similar hardness to that of iron (HILLERTON & al. 1982, VINCENT & WEGST 2004).
Even within ant mandibles, there can be a range of stiffness and hardness depending on intended
function. Mandibular cuticle associated with trap-jaw ants, for example, is less stiff, which
allows the cuticle to act as a flexible spring (LARABEE & al. 2018).
Besides sclerotization, ants can increase cuticle hardness and stiffness by increasing
cuticle thickness (BUXTON & al. 2021), nitrogen-to-carbon ratios (GIBB & al. 2015), and by
incorporating metallic elements into the cuticle (SCHOFIELD & al. 2002, CRIBB & al. 2007).
Metallic elements—including calcium, iron, manganese, and zinc—are found primarily within
the mandibles and the surface of the exoskeleton, where they increase mandible sharpness and
cuticle durability (SCHOFIELD & al. 2021). Along with increased durability and strength,
biomineralization of the cuticle is associated with a significant increase in resistance to infection
from entomopathogenic fungi (LI & al. 2020). Interestingly, metals have also been found to be
incorporated into the cuticle of fossil ants, such as members of the genus Haidomyrmex, where
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individuals possess a paddle-like clypeus that is reinforced with metals to withstand impact from
their pincer-like mandibles (IVANOVA & al. 2012, HAN & al. 2017; BARDEN & al. 2017).
While some of the hardest cuticular structures in the insect world are found in ants, some
of the most elastic and flexible are found in ants as well. One of the most extreme examples of
elastic cuticle in the insect world is found in the honeypot ants, Myrmecocystus spp. and
Camponotus inflatus (LUBBOCK, 1880). These species have evolved a replete worker caste that
serve as living vessels to store liquid food inside their crop (HÖLLDOBLER 1976). The abdomen
of a single worker can expand to the size of a marble, and once engorged, workers can no longer
walk. The elasticity is due to a special form of cuticle, called arthrodial membrane, that is
combined with resilin. Arthrodial membrane is a highly-folded, unsclerotized cuticle that can
expand drastically in size as it unfolds. To achieve true elasticity, insects use resilin, which can
be found in the spring-like tendons of jumping insects and the wing ligaments of locusts and
dragonflies (WEIS-FOGH 1960, HEPBURN & CHANDLER 1976, VARMAN 1981). Resilin is
composed of coiled polypeptide protein chains that act like springs when under compression.
The insoluble, gel-like material is secreted by the epidermis together with chitin and fibrous
proteins, and it is isolated in specific parts of the cuticle that require elasticity (ANDERSEN &
WEIS-FOGH 1964).
Ants are not known for exhibiting large variation in cuticle color, though pigmentation
and structural colors occur throughout the family. Pigmentation is the most common type of
coloration in ants, in which melanin produce shades from brown to black, and ommochromes
and carotenoids produce hues of red, orange, and yellow (BADEJO & al. 2020). While the process
of sclerotization refers to hardening of cuticle, melanization refers to the darkening of cuticle.
Melanin provides UV protection, and insects that live in cooler environments tend to have darker
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cuticle to aid in heat absorption, while insects that live in warmer climates tend to be lighter
(TRULLAS & al. 2007, BISHOP & al. 2016). Rarely, ants display structural colors that appear
iridescent or metallic, which are produced by nanostructures that interfere with light reflection
(SRINIVASARAO 1999). Structural coloration can produce a variety of hues that range from deep
blue, as in the wings of Morpho butterflies, to vibrant gold and metallic green found in
Buprestidae jewel beetles and some ants (SHARMA & al. 2009, SMITH 2009). In insects,
iridescence is associated with a wide range of functions relating to visual communication,
thermoregulation, friction reduction, and strengthening (DOUCET & MEADOWS 2009); however,
the functional role of iridescence in ants is poorly understood though frequently found in ant
assemblages in Oceania.
Variation in cuticular traits among ants has been linked to a number of environmental and
social factors. With regard to cuticle thickness, there is an expected trade-off between investment
in cuticle thickness and investment in greater colony size (WILLS & al. 2015). Thicker cuticle
provides increased protection to individual workers but at a cost—the biosynthesis of chitin and
other cuticular proteins requires high amounts of nitrogen that can be in limited supply
(DAVIDSON 2005). Thus, as colony size increases, cuticle thickness of individual workers is
expected to decrease. This was supported by a comparison of colony size and cuticle thickness
across 42 species of ants, which found a negative relationship between colony size and cuticle
thickness (PEETERS & al. 2017). Ants with larger colonies also tend to produce workers with
lower nitrogen levels, which provides further support that workers with thinner cuticle are
cheaper to produce (DAVIDSON 2005). With respect to color, BISHOP & al. (2016) found that
darker-colored ants were more likely to be found in cold environments, suggesting that dark
colors aid in heat absorption. In a tropical rainforest, Law & al. (2019) found that ant species
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living in the canopy or understory were two times darker than ants living on the ground or in
subterranean strata, which does not match predictions related to temperature and instead supports
a role of increased melanin for UV protection and desiccation resistance. Given evidence of
selection on both cuticle thickness and color, it is likely that other cuticular traits are under
selection, including microsculpture.

Cuticle microsculpture: diversity and classification
Cuticle microsculpture is found across a wide variety of hard-bodied insects, but ants exhibit
some of the most complex patterns. For this reason, the terminology for cuticle microsculpture
has largely been developed by ant taxonomists. In this task, ant taxonomists have opted for
precision over economy of language when choosing terms to describe these patterns. While
current terms capture the diversity of microsculpture patterns in ants, they make it difficult to
make general comparisons and identify functional relationships between different microsculpture
motifs and ecological or behavioral factors. To account for this, recent genus-level comparisons
have opted to categorize ants using an ordinal ranking system: 0 = no markings, shiny; 1 = fine
network of marks; cell-like shallow ridges; 2 = deeper dimples and riding; 3 = surface heavily
textured with ridges, grooves, or pits (PARR & al. 2017). Using this system, BUXTON, & al.
(2021) identified positive associations between cuticle thickness and body size with increased
microsculpture. However, if different types of cuticle patterns have functional significance (e.g.,
punctate vs. striate), then a new classification scheme is required that accounts for these
differences.
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Classification
By conducting a survey of the current terms used to describe cuticle patterns and comparing
these to images found on AntWeb.org, we identified five broad categories that cuticle patterns
could be grouped into: smooth, striate, punctate, reticulate, and tuberous (Table 1; Fig. 3). The
names for each category were taken from previous terminology used to classify cuticle patterns
by TORRE-BUENO & ROLLIN (1937) and HARRIS (1979), and the definitions were honed through
multiple rounds of assessment and revision (Box 1). Our classifications were confined to
microsculpture present on the head, but these categories can also be applied to sculpturing
present on the alitrunk or gaster. We also did not include hairs in our classification scheme,
though the presence and density of hairs can vary within and among each category. While not all
ants could be easily classified into a single category based on their microsculpture patterns, we
found that over 99.99% of ant species could be classified reliably (Box 1).
“Smooth” is the simplest category for describing cuticle microsculpture of ants and
includes species that are largely free of microsculpture. Smooth ants may appear shiny or dull
depending on the presence of fine hairs or scaling on the cuticle. Hairs exhibit a wide range of
lengths and shapes. All hairs on ants are technically classified as setae, though depending on size
and function, these can be referred to as appressed hairs, standing hairs, and macrochaetae
(BOLTON 1994). Appressed hairs are short fine hairs that lay flat and frequently appear in dense
mats on the cuticle creating a dull appearance. These fine hairs have been found to increase
reflectivity and dissipate heat (SHI & al. 2015). Standing hairs and macrochaetae are longer and
thicker often greater than 1μm. These hairs range in density from sparsely populating the
pronotum to dense enough to obscure the entirety of the cuticle (Box 1). Some smooth ants
feature nanosculpturing on their cuticle, which is defined as sculpturing measured on the
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nanometer scale rather than the micrometer scale (WATSON & al. 2017). Nanosculpturing may
appear as small scales, fine cracks, or nodules that often give ants a dull appearance compared to
ants that are completely smooth and shiny. Functionally, nanosculpturing is likely important but
is outside the scope of our classification scheme and can be difficult to see without access to a
physical specimen.
“Striate” microsculpture is defined by lines or ridges that extend longitudinally over the
body surface. These ridges are typically fine (less than 40 µm of width) but can be prominent
and severe in some species. For example, workers of Diacamma gusenleitneri (ZETTEL, 2016)
feature striations separated by deep troughs that are roughly 37 µm in width. Across all species,
striations tend to run parallel to each other, though striate lines may branch or rejoin with each
other as they run along the body surface to maintain constant density, which is similar to the
pattern of rib bifurcation in saguaro cacti (YEATON & al. 1980). Typical examples of striate
microsculpture occur in Pogonomyrmex and Tetramorium, where the head surface is covered in
fine longitudinal striations. In rare cases, striations may be oriented transversely rather than
longitudinally, including in Chrysapace jacbosoni (CRAWLEY, 1924), Chrysapace sauteri
(FOREL, 1913), and Leptogenys optica (VIEHMEYER, 1914), and Leptogenys caeciliae
(VIEHMEYER, 1912). We classified these ants as striate, but further study may reveal that
transverse striations are functionally different.
“Punctate” microsculpture is defined by circular, concave depressions present on the
cuticle. These depressions often give ants a dimpled look reminiscent of the texture on a golf
ball. The size of these dimples can range from 10 to 100 µm, and they may be present on the
head and alitrunk. Some ants feature consistently sized dimples, such as Eurhopalothrix punctata
(SZABÓ, 1910), while other species, such as Gnamptogenys bicolor (EMERY, 1889) feature
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dimples that change in size across the head and body. Dimples are often associated with hairs,
and if the dimples are limited to the base of hairs and appear relatively shallow, we tended to
classify these species as smooth. As dimples increase in density, they begin to form a
honeycomb-like pattern, which crosses into our next classification category: reticulate. What
separates punctate from reticulate microsculpture is that punctate microsculpture appears more
circular, while reticulate microsculpture is more angular. We typically took a conservative
approach classify ants as punctate only if the edges of each dimple were clearly defined and
rounded, but we note that there are more sophisticated methods to measure circularity that have
been used to categorize cell shapes present on of insect wings (HOFFMANN & al. 2018).
“Reticulate” microsculpture is the most complex and includes ants that have intersecting
longitudinal and transverse ridges that give the cuticle a netted appearance. These patterns can be
difficult to distinguish from both striate and punctate textures depending on the severity. Striate
ants can sometimes exhibit light, transverse ridges that run between lines. When these transverse
latitudinal ridges are present on the majority of the cuticle, the sculpture is considered reticulate.
As described above, punctate ants can feature large dimples that begin to run into each other to
form a honeycomb-like pattern, which we classified as reticulate if the individual dimples are no
longer clearly defined. Reticulate microsculpture is by far the most diverse, and this category
served as a catch-all for cuticle patterns that did not clearly fall into other categories. For this
reason, it may be difficult to identify the function of reticulate microsculpture unless studies
focus on taxonomically similar groups. Reticulate patterns are also widely found on plant pollen
(PRAGLOWSKI, 1971) and seeds (BARTHLOTT, 1981), where the function is also unknown.
Finally, “tuberous” microsculpture is defined as raised protuberances or blunt spines that
cover the body surface. This category is the most unique and tends to be limited to fungus-
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gardening ants in the tribe Attini. Ants often feature prominent spines on their propodeum,
petiole, or head, which we exclude here. Instead, tuberous microsculpture consists of nodules or
protuberances that are less than 100µm in height. Ants classified as tuberous are typically rough
and have a matte appearance, which may aid in the adhesion of symbiotic bacteria that form
biofilms on the exoskeleton of some Attine species (ANDERSEN & al. 2013). Similar
protuberances also occur in ants of the genus Echinopla, but here protuberances are associated
with protruding hairs. Likewise, some ant larvae feature similar protuberances that are also
associated with upright hairs (WHEELER & WHEELER, 1976, PENICK & al. 2012).
For our classification scheme, we focused specifically on microsculpture present on
heads of minor workers, but it is important to note that microsculpture patterns can vary across
the body surface as well as among different castes within the same species (both soldiers and
reproductives). The head and thorax are most often covered in microsculpture, and the gaster
tends to be smooth in most species. The lack of microsculpture on the gastral segments may be
due to the fact that these textures would interfere with the telescopic movement of the gaster as it
expands and contracts to accommodate expansion of the crop or ovaries. Differences between
castes can be more drastic, such as in the workers of the ant Acanthomyrmex crassispinus
(WHEELER, 1930), which features minor workers with deeply reticulate patterns and soldiers
with clearly punctate sculpturing across a much smoother head surface overall. Here we focus on
microsculpture of minor workers to simplify our comparisons, but microsculpture represents a
unique qualitative trait that can be used to compare developmental differences among minor
workers, soldiers and reproductives in future studies.
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Evolution
Although cuticle microsculpture patterns have been commonly used in ant taxonomy, little was
previously known about the evolution of these patterns. To understand the evolution of cuticle
microsculpture patterns in ants, we classified microsculpture patterns on the heads of 11,722
species and subspecies representing 70% of described ant diversity (for detailed methods see
Box 1). We then mapped the relative proportion of microsculpture types within each genus onto
the ant phylogeny to infer evolutionary trends (Fig. 4). Across all species, the most common
microsculpture type was “smooth” followed by “reticulate,” “striate,” “punctate,” and “tuberous”
(Fig. 5a). Microsculpture appears to be highly labile, as each type evolved independently
multiple times with repeated losses and re-acquisitions. The evolutionary lability of
microsculpture patterns in ants matches trends for other complex traits in ants, including eye
size, worker polymorphism, spines, and larval hairs (PENICK & al. 2012, BLANCHARD &
MOREAU 2017, WILLS & al. 2018).
Based on ancestral trait reconstruction, we found strong support that smooth was the
ancestral microsculpture pattern in ants (Box 2). The genera Leptanilla, Protanilla, and Martialis
are sequentially sister to all other ants and are smooth, and textured sculpturing is not found until
the subfamily Amblyponinae (Fig. 4). In addition, representative members of two of the earliest
extinct ant subfamilies, Sphecomyrmicinae and Haidomyrmecinae, are also smooth (Fig. 5).
Whatever conditions selected for cuticle microsculpture must have occurred after early ants
began living in colonies, hunting arthropod prey, and exploiting leaf-litter habitats. Likewise, it
appears that similar cuticle microsculpture patterns have evolved independently in other insect
groups, including beetles, wasps, and bees (DOBERSKI & WALMESLEY 2007, MARTYNOVA 2017)
though the selective pressures for microsculpture in these groups are also unknown.
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Smooth was by far the most common cuticle texture comprising 57% of species, though
textured patterns evolved numerous times and in disparate ant lineages. We focused on two ant
genera to assess the most common character state transitions, Polyrhachis and Crematogaster,
which both have recent species-level phylogenies and display among the highest diversity of
cuticle microsculpture patterns when compared to other genera (Box 2). Species of Polyrhachis
exhibit all cuticle patterns except tuberous, while species of Crematogaster can be either smooth,
reticulate, or striate. The most common transition in both species was from smooth to any of the
three rough categories. Likewise, reticulate and striate species commonly transitioned back to
smooth. Regarding transitions among the three rough categories, patterns were relatively
consistent between Polyrhachis and Crematogaster. In Polyrhachis, striate species were more
likely to have evolved from reticulate species than from smooth, and punctate species were near
equally likely to have evolved from reticulate or smooth species. In Crematogaster, reticulate
and striate species both evolved from smooth species as well as from each other. From this small
sample, it is difficult to say which transitions are most likely to occur in ants, though nearly all
cuticle patterns showed that they could evolve from any other pattern. The one exception was
transitions from striate to punctate or punctate to striate. Given that we observed no transitions
between these two categories, punctate–striate transitions may be the least likely to occur.
Across the full phylogeny, there were major differences in the proportion of smooth
versus textured species among subfamilies. Myrmecines and Ectatommines exhibited the highest
proportion of textured species, with 60% of Myrmecines and all Ectatommines exhibiting some
form of texture (Fig. 5b). Textured patterns were also relatively common among Dorylines and
Ponerine ants comprising 26% and 34% of all species. The two subfamilies where textured ants
were uncommon were the Dolichoderines and Formicines. Less than 20% of species in either
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subfamily exhibited textured microsculpture, though there were some notable exceptions (62%
of Polyrhachis species were textured). The decreased presence of cuticle microsculpture in
Dolichoderines and Formicines may be explained, in part, by differences in cuticle
thickness. PEETERS & al. (2017) found that Dolichoderines and Formicines tend to have thinner
cuticle than that found in other ant subfamilies. A direct comparison of microsculpture severity
with a range of morphological traits among 70 ant species found a similar positive correlation
between microsculpture and cuticle thickness as well as with cuticle hardness (BUXTON & al.
2021). Cuticle microsculpture was also found to be more common in predatory ants with a lower
C:N ratio, in which case microsculpture was predicted to have a protective function (GIBB & al.
2015). In addition, the genus Polyrhachis is relatively unique among Formicines in that workers
tend to have thicker cuticle and are also more likely to have evolved microsculpture patterns.
Based on the above correlations, it appears that thick cuticle may be a necessary pre-condition
for the evolution of microsculpture to occur. The one exception may be Ponerines, which tend to
have the thickest cuticle compared to other ant lineages, but only 35% of Ponerine ants are
sculptured compared to 60% of Myrmecines.
All microsculpture patterns evolved numerous times across the ant phylogeny with the
exception of tuberous, which was largely confined to fungus-gardening ants in the tribe Attini
(Fig. 4). Tuberous microsculpture differs from the other microsculpture types in that it features
raised protuberances that fall somewhere between true spines and texture. Indeed, workers in the
genus Atta typically have smooth sculpturing on the frontal portion of the head but retain sharp
spines at the rear margin. The reason why tuberous microsculpture has evolved in attines is
unclear, though the strong association could simply be a case of phylogenetic inertia. One
explanation could be that increased surface roughness could facilitate the attachment of
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symbiotic bacteria that grow on the outside cuticle of some Acromyrmex and Trachymyrmex
workers and help fight garden-infecting fungal pathogens (ANDERSEN & al. 2013). These two
genera also happen to be among the most textured among the attines, though some
Cyphomyrmex and Apterostigma also exhibit tuberous microsculpture. And while tuberous
microsculpture is predominately found in attines, it does appear in the Formicine genus
Echinopla. Unlike what is found in attines, the protuberances of Echinopla are associated with
protruding hairs and cover the head, thorax, and first gastral segments (ZETTEL & LACINY 2015).
These “pedestals” and their accompanying hairs are thought to serve as a shield against attacks
of other arthropods, especially ants (GNATZY & MASCHWITZ 2006).

Cuticle microsculpture: function
The diversity of cuticle microsculpture patterns in ants begs the question: what do these patterns
actually do? Studies on the function of other well-known animal patterns have proven difficult.
For example, there are multiple competing hypotheses to explain the function of zebra stripes,
including thermoregulation, predator confusion, social cohesion, and insect repellence (LARISON
& al. 2015). The functions of microsculpture patterns in ants are similarly likely to be
multifarious and complex. A recent study on ants microsculpture and pilosity among 70 species
found positive associations between increased microsculpture and cuticle thickness, puncture
resistance, body size, and decreased water-loss rates (BUXTON & al. 2021). Surprisingly, this
study also found a negative correlation between microsculpture and upper thermal limits, though
this could have been due to a higher proportion of nocturnal species that featured strong
microsculpture (BUXTON & al. 2021). Outside of research on ants, there have been a number of
studies on the function of microsculpture patterns in other organisms, including sharks (WEN &
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al. 2015, DUNDAR ARISOY & al. 2018), snakes (GANS & BAIC 1977), plants (BARTHLOTT 1981,
RIGLET & al. 2021), scorpions (HAN & al. 2017), and other insects (RICHARDS & RICHARDS
1979, GORB 2000, BOEVE & al. 2004, WATSON & al. 2017). In the following sections, we review
potential functions of microsculpture patterns related to structural support, abrasion reduction,
desiccation resistance, communication, and insect–microbe interactions.

Structural support
The most consistent trait correlated with microsculpture in ants is increased cuticle thickness
(GIBB & al. 2015, BUXTON & al. 2021). Cuticle thickness varies in ants from 10-110µm and
tends to increase with body size (PEETERS & al. 2017). As described above, thick cuticle may be
required for cuticle microsculpture to evolve, but microsculpture may also contribute to strength
on its own. Corrugated structures have a high strength-to-weight ratio and are used in
manufacturing to reinforce metal sheeting and cardboard (MORNEMENT & HOLLOWAY 2007,
KAUSHAL & al. 2015). Corrugation present in clam shells, palm leaves, and insect wings have
also been found to increase bending stiffness (VOGEL 1998, LUO & SUN 2005). It is therefore
possible that striate and reticulate patterns in ants could be used to stiffen cuticle without further
increasing thickness. Predatory ant species tend to have thicker cuticle and increased
microsculpture compared to omnivorous species, so these traits might combine to increase
cuticle strength and protection (GIBB & al. 2015). However, cuticle microsculpture is absent
from some of the most notorious predatory ants, such as driver ants in the genus Dorylus and
army ant soldiers in the genus Eciton, suggesting that the relationship between cuticle
microsculpture and a predatory lifestyle is not absolute.
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While corrugation increases bending stiffness across the longitudinal plane, corrugated
structures are more flexible across the transverse plane. It is then possible that microsculpture
could increase flexibility in some regions of the exoskeleton. Studies on trap-jaw ants in the
genus Myrmoteras have found that the cuticle of the posterior margin of the head serves as a
spring and deforms by approximately 6% prior to a mandible strike (LARABEE & al. 2018). The
head capsule is thought to store elastic energy in other trap-jaw ants as well to contribute to rapid
mandible strikes. Myrmoteras are one of the few formicines to display cuticle microsculpture,
and microsculpture is present in other trap jaw ant genera as well, such as Anochetus and
Strumigenys. Notably, microsculpture is absent in the best-known genus of trap-jaw ants,
Odontomachus, so the role of microsculpture in head deformation is unclear.
Our focus has been on the external characteristics of the cuticle, but the internal surface
of cuticle could vary in texture as well. Few studies have published histological images showing
ant cuticle in cross section, and those that have tend to focus on smooth ants (PEETERS & al.
2017). In smooth ants, the internal surface of the cuticle also appears to smooth. Given the lack
of studies examining cuticle in cross-section for textured ant species, it is possible that these
surfaces are also smooth, but it is also possible that they could be textured and/or mirror the
cuticle pattern observed on the external surface (Fig. 7). Cuticle that is fully corrugated, as in
Fig. 7c, may be more pliable than cuticle with a smooth internal surface. Increased internal
roughness would also increase internal surface area for muscle attachment, which may be
beneficial for species that exhibit head deformation during mandible strikes. Regardless,
additional studies on cuticle in cross section will be necessary to determine the significance of
internal surface sculpturing if internal surface sculpturing even occurs.
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Abrasion reduction
In addition to protection from predators, cuticle must also protect ants from abrasion. Ants that
nest in soil are particularly at risk to abrasion when digging new nests, which may be especially
important for queens during the founding stage (JOHNSON 1998, JOHNSON 2000, JOHNSON & al.
2011). There is no evidence that ant foundresses are able to repair their cuticle once damaged
(JOHNSON & al. 2011), and this appears true for other insects as well (WIGGLESWORTH 1945,
PARLE & al. 2017). Striate microsculpture, in particular, may help channel sand grains and soil
particles along the head or body to reduce friction during digging. Research on the
microstructure of desert scorpions has identified grooves that aid in abrasion resistance, though
these appear to be at a larger scale than ant striations (ZHIWU & al. 2012, HAN & al. 2015). In
snakes, microsculpture on the ventral surface has instead been found to increase friction during
lateral undulation, while the loss of these spikes is associated with reduced friction (ARNOLD
2002, BERTHÉ & al. 2009, RIESER & al. 2021).
If cuticle microsculpture aids in abrasion resistance in ants, then microsculpture should
be present on regions of the body where abrasion is most likely to occur. A study of Veromessor
pergandei (MAYR, 1886) foundresses pre and post colony founding by JOHNSON & al. (2011)
found that the clypeus, occiput, and pronotum received significant abrasion. In general, these are
the same regions of the body most likely to have microsculpture, though sculpturing may also
occur on the sides of the alitrunk. Variation in digging behavior among species or differences in
body size could also affect which regions of the body are exposed to abrasion if they are exposed
at all. Large ants typically use their head and mandibles to push soil particles backwards under
their bodies to compress the soil into a pellet (MONAENKOVA & al. 2015, TSCHINKEL 2021), but
this behavior can be quite different for species with small workers. For example, workers of the
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rosemary bigheaded ant, Pheidole adrianoi (NAVES, 1985), are barely twice as large as the sand
grains they use to construct their nests, and they transport each grain one at a time as if they were
carrying boulders (TSCHINKEL 2021). In contrast, workers of the Florida harvester ant,
Pogonomyrmex badius (LATRIELLE, 1802), nest in the same habitat as Ph. adrianoi but are
roughly 100 times as heavy and can carry 160 sand grains per pellet (TSCHINKEL 2021). Given
the relative difference in body size between Ph. adrianoi and P. badius, a large worker of P.
badius scraping together 160 sand grains may be more exposed to abrasion than a small worker
of Ph. adrianoi carrying a single sand grain at a time. If microsculpture does mitigate abrasion,
this could explain why microsculpture is more common in large-bodied species.

Desiccation resistance
Given their high surface area to volume ratio, ants are often at risk of desiccating. To prevent
water loss across the cuticle, ants and other insects secrete a waxy layer of cuticular
hydrocarbons to cover the body surface and provide a protective barrier against desiccation
(LEES 1948, GREENE & GORDON 2003, GIBBS & RAJPUROHIT 2010). Any damage to this
hydrocarbon layer through abrasion will increase water loss until the waxes can be restored
(JOHNSON & al. 2011). Cuticular abrasion from digging and moving through tunnels increases
water loss rates 2 to 3-fold when compared to ants that have not been exposed to soil (JOHNSON
2000). Foundresses of new nests are particularly susceptible to desiccation, and an increase in
water loss rate can lead to higher mortality during this sensitive stage of colony development
(LIGHTON & al. 1993, JOHNSON 1998, JOHNSON & al. 2011). While smooth ants are completely
exposed to abrasion and subsequent water loss, cuticular hydrocarbons of sculptured ants may be
protected within low-lying areas between ridges. After experiencing cuticular abrasion,
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sculptured ants may then be able to restore their hydrocarbon layer by grooming themselves to
spread hydrocarbons for protected areas to their rest of the cuticle. Increased protection of the
cuticular hydrocarbon layer may explain why Buxton & al. (2021) found a weak, positive effect
of cuticle microsculpture and reduced water-loss rates, though other factors could contribute as
well.

Communication
Although cuticle microsculpture patterns can be visually striking, most ant communication is
chemical or tactile. The increase in surface area created by microsculpture would also increase
the surface area of the cuticular hydrocarbon layer. In addition to providing a protective barrier
against desiccation, cuticular hydrocarbons serves as semiochemicals used in insect
communication (HOWARD & BLOMQUIST 2005). In ants, cuticular hydrocarbons serves as signals
for nestmate recognition, reproductive status, caste, life stage, and dominance relationships
(PEETERS & al. 1999, PENICK & LIEBIG 2017, SMITH & LIEBIG 2017, VANDER MEER & MOREL
no date).An increase in surface area of the cuticular hydrocarbon layer would amplify any
chemical signals. However, density of cuticular hydrocarbons decrease as surface area increases
in some Hymenoptera (BRÜCKNER & al. 2017), so the relationship between hydrocarbon density
and microsculpture remains unclear.
While the primary mode of communication in ants is chemical, there is evidence that
tactile communication may be important for nestmate recognition. Indirect evidence for the role
of tactile communication in ants comes from studies of myrmecophilous insects that mimic the
physical appearance of ants as well as their body texture. A striking example occurs in rove
beetles, which physically resemble their army ant hosts and often mimic the surface texture of
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different host body parts (WASMANN 1895, PARKER 2016, VON BEEREN & al. 2018, FISCHER &
al. 2020). Further evidence that these traits serve as tactile cues rather than visual signals comes
from the fact that parasites of subterranean army ant species that mimic host morphology but not
color (PARKER 2016). In addition, ant parasites that attach directly to the ant body may also
mimic cuticle microsculpture and pilosity of the parts to which they attach, which is thought to
help them evade detection (VON BEEREN & TISHECHKIN 2017). While the role of microsculpture
in tactile communication in ants has not been studied, it seems that ants likely gather some
information from these body textures.

Insect–microbe interactions
Ants evolved in soil and leaf-litter habitats, which harbor an intense abundance and diversity of
microbes—a single gram of soil may contain up to 10 billion microbes representing thousands of
different species (ROSSELLÓ-MORA 2001). For this reason, ants have developed a range of
strategies to control or cooperate with microbes in their environment, which include grooming
behaviors (ZHUKOVSKAYA & al. 2013), the production of antimicrobials (MACKINTOSH & al.
1995, BRÜTSCH & al. 2017, PENICK & al. 2018) and the formation of symbiotic associations with
beneficial microbes (MATTOSO & al. 2012). The role of cuticle microsculpture in disease defense
is unclear, but it could serve as a benefit or handicap depending on context. Severe cuticle
microsculpture may make it more difficult for ants to groom themselves, which would also make
it more difficult identify and remove pathogens. In termites, for example, workers can detect
individual spores of pathogenic fungi within a matter of minutes and remove them from their
nestmates before infection (YANAGAWA & al. 2012). Compared to ants, termites are nearly

25

perfectly smooth, so it is unclear whether a similar behavior would be effective for ants covered
with dense hairs and microsculpture.
While microsculpture may make it more difficult for ants to groom themselves, there are
examples where microsculpture has been found to impede the growth of microbes. Shark skin,
for example, is composed by microscopic denticles that each feature a series of grooves that
reduce drag (DUNDAR ARISOY & al. 2018) but have also inspired antimicrobial materials (CHUNG
& al. 2007). Antimicrobial surfaces inspired by shark skin feature a series of grooves that disrupt
biofilm formation of Staphylococcus aureus using texture rather than chemical antimicrobials
(CHUNG & al. 2007). Cicadas and other insects have evolved microstructures on their wings that
also serve as structural antimicrobials. Cicada wings are covered by a dense mat nanopillars that
can penetrate and kill bacterial cells within 3 minutes of contact (IVANOVA & al. 2012).
However, both the antimicrobial structures inspired by shark skin and the nanopillars present on
cicada wings appear to be much smaller than the microsculpture patterns of ants. The average
ridge-width of harvester ant striations, for example, is 11µm (unpublished data), while the width
of an individual groove of the shark skin-inspired antimicrobial material is 2µm. Given these
differences in scale, it is unlikely that cuticle microsculpture in Pogonomyrmex serves a similar
purpose, though some examples of microsculpture within this range exist. For example,
Monomorium schurri (FOREL, 1902) has ridges that are 2µm wide, which may confer similar
antimicrobial properties.
Instead of inhibiting microbial growth, it is possible that microsculpture could also aid in
culturing beneficial microbes. Fungus-gardening ants, for example, have a symbiotic relationship
with bacteria that help them fight pathogens within their fungal gardens (CURRIE & al. 2003).
Adult workers in Acromyrmex subterraneus (FOREL, 1893) develop a visible bacterial film on
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their cuticle within 12-15 days of eclosion. This biofilm reduces the incidence of fungal infection
in the ants as well as in their fungal gardens (MATTOSO & al. 2012). When exposed to pathogens,
Acromyrmex workers rely on the benefits of this symbiotic relationship rather than using
metapleural gland secretions as used by other ants (FERNÁNDEZ-MARÍN & al. 2009). Given that
Acromyrmex and other attines feature rough, tuberous microsculpture, it is likely that this texture
aids in biofilm formation. The symbiotic relationship between ants and microbes has been best
studied in fungus-gardening ants, but it’s possible that microsculpture in other ants could serve a
similar purpose. Many organisms are covered in symbiotic microbes that may outcompete
potential pathogens or produce antimicrobials that aid in host defense, including humans (BYRD
& al. 2018). It is therefore likely that these symbiotic associations occur in ants as well.

Microsculpture in art
Humans have used animal prints in textile design for millennia, most often taking inspiration
from large vertebrates— zebras, tigers, leopards, giraffes, and cheetahs. While prints inspired by
charismatic vertebrates are striking, they represent only a limited view of animal diversity. The
vast majority of animal species are insects (STORK 2018), yet their intricate patterns often go
unseen by the public due to their small size and the general lack of awareness about insect
diversity. To draw attention to insect diversity and the cuticle patterns of ants, researchers
worked with textile design Meredith West to produce a line of fabric prints inspired by ant
microsculpture (ELLISON & al. 2018). West used images from AntWeb.org to identify
microsculpture patterns and turn them into pattern repeats that abstracted ant microsculpture into
colorful designs. These repeats were then used to produce a line of textile prints under the brand
name Holotype to raise awareness about insect diversity (Fig. 8).
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Conclusions
Although ant taxonomists have created a beautiful lexicon to describe the diverse microsculpture
patterns of ants, a simplified classification scheme makes it easier to study the evolution and
function of these patterns. Ants likely began as smooth, but they evolved diverse microsculpture
patterns repeatedly with numerous instances of evolutionary convergence, losses, and
reacquisitions. The selective pressures that led to these patterns are still largely a mystery, which
is true for microsculpture patterns found on other organisms. The scales of snakes and lizards are
often covered with microsculpture patterns that have a wide range of hypothesized functions, but
broad phylogenetic comparisons have rarely found evidence of ecological selection pressure
(GANS & BAIC 1977, PRICE 1982). Likewise, a study of seed surface structures across 5,000
species found that most seeds are textured (BARTHLOTT 1981), but again, subsequent studies
have not found strong ecological indicators of sculpturing characteristics (SCHENK & al. 2016a).
Given the diversity of microsculpture patterns found among ants and other organisms, it
is likely that the selective pressures driving these patterns are equally diverse. Even within single
ant species, microsculpture may have multiple functions, and there could be costs, such as
increased difficulty for self-grooming. Future efforts to elucidate the function of microsculpture
patterns in ants would benefit from comparisons with large-scale trait databases (PARR & al.
2017). Because microsculpture diversity can be high even within single genera, comparisons at
the species-level will be needed to disentangle phylogenetic constraints from ecological selection
pressures. Species-level phylogenies for Polyrhachis and Crematogaster have already been
useful for identifying transition rates among microsculpture types as seen in Box 2, and these
comparisons could be further improved by integration of trait data.
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Ultimately, phylogenetic comparisons need to be paired with experimental tests to
elucidate function. The impetus for such functional studies of insect morphological traits have
often come from the field of bio-inspired design. Ants and other social insects have long served
as models for bio-inspired design (HOLBROOK & al. 2010), and their high diversity paired with
an increasing number of quality phylogenies makes them an ideal group for comparative
methods (PENICK & al. In Press). Cuticle sculpturing on desert scorpions has already been used
for bio-inspired applications for abrasion resistance (HAN & al. 2015), and ants likely face
similar pressures. Ants are also being used as models to understand insect–microbe interactions
(LITTLE & CURRIE 2008, CALDERA & al. 2009, KARLIK & al. 2016, LUCAS & al. 2019) as well as
physiological traits that allow organisms to deal with climatic pressures (DIAMOND & al. 2013,
PENICK & al. 2017, PARR & BISHOP 2022). It is likely that cuticle microsculpture plays a role in
many of the challenges faced by ants, and future studies on the functional role of microsculpture
would contribute to our understanding of ant biology and may lead to bio-inspired innovations.
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Box 1: Classification and verification
We classified microsculpture present on the heads of 11,722 workers using images available on
AntWeb.org. We focused on the region between the upper portion of the clypeus and the vertex
of the head, and we ignored longitudinal carinae extending from the antennal sockets if they
happened to occur in this area. We also excluded nano-scale textures present on the cuticle,
sometimes referred to as “scaling,” which can be difficult to assess in images and likely provides
distinct functional advantages compared with the microsculpture patterns we focused on
(WATSON & al. 2017). We chose to focus on the head for our classification because
microsculpture on the head tends to be visible and consistent. Microsculpture on the head also
tended to match patterns present on the alitrunk, though we did observe differences in
microsculpture between body regions, among workers castes, and between worker and
reproductive castes, though these were not included in our analysis. In addition, the gaster of
almost all ants is free of sculpturing with few exceptions (see Echinopla, Ectatomma, and
Polyrhachis).
We initially tested a range of microsculpture categories but ultimately landed on five that
captured the majority of variation present in ants: smooth, reticulate, striate, punctate, and
tuberous (Fig. 3). These categories were defined by qualitative differences in the patterns present
on the cuticle and did not consider variation in size, depth, or severity of microsculpture. A
previous index of ant microsculpture included severity as a factor (PARR & al. 2017), but severity
can be difficult to assess without access to physical specimens or without taking scale into
account. A detailed assessment of the relative size and severity of microsculpture patterns would
likely require direct measurements of the features associated with microsculpture as well as
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histology to accurately measure the depth of microsculpture patterns in cross section. These
measurements should also be normalized to body size to account for scaling effects.
To test the robustness of our classification system, we had three independent researchers
classify a series of images from AntWeb using our definitions. The initial test included images of
2,778 species and subspecies representing 13 genera (Acromyrmex, Anochetus, Cephalotes,
Dolichoderus, Formica, Gnamptogenys, Harpegnathos, Leptogenys, Neivamyrmex, Pheidole,
Pogonomyrmex, Polyrhachis, Solenopsis) from six subfamilies (Dolichoderinae, Dorylinae,
Ectatomminae, Formicinae, Myrmicinae, and Ponerinae). Using our initial definitions, we had
complete consensus for 87% of images. We then reviewed the remaining 13% of contested
classifications to adjust our definitions to clarify previously ambiguous classifications and
identify cases where microsculpture could not be reliably assessed. For example, some ant
species are covered by dense hairs that prevent observation of underlying microsculpture (Fig.
A), while others may display multiple types of microsculpture on their head within the region we
analyzed (Fig. Ab). The total number of ants we deemed unclassifiable using these methods was
less than 2% of all classifications, and this number was likely inflated due to the high number of
hair-covered ants present in Polyrhachis. After adjusting our classifications, we reached
consensus for 99.99% of images.
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Box 2: Ancestral Trait Reconstructions and Microsculpture Lability
We explored the evolution and lability of microsculpture patterns in ants by mapping these traits
onto the current genus-level phylogeny (Fig. 4) and conducting ancestral trait reconstruction
using Mesquite v3.70 (MADDISON & MADDISON 2021).

Ancestral trait reconstruction
To estimate the ancestral character state for cuticle microsculpture in ants, we used the default
settings for the Mk1 likelihood reconstruction using the phylogeny of BLANCHARD & MOREAU
(2017). We assigned species to a binary and multi-state classification system (binary: 0 =
smooth, 1 = rough; multi-state: smooth = 0, reticulate = 1, striate = 2, punctate = 3, and tuberous
= 4). Reconstruction was unordered to ensure that the transition from any one state to another
was weighted equally. We inferred the ancestral state of cuticle microsculpture across the
maximum clade credibility tree with 291 tips using the function “Parsimony Ancestral States”.
Our results show that smooth was likely the ancestral character state. This was supported further
by the fact that the three sequentially sister genera to all ants are also smooth (Leptanilla,
Protanilla, and Martialis). In addition, a comparison of fossil ants from the subfamilies
Sphecomyrmicinae and Haidomyrmecinae show that all described individuals also display
smooth sculpturing. Taken together, these findings provide strong support that the ant ancestor
was smooth and that multiple microsculpture patterns arose later in ant evolution.

Texture Lability
To examine the lability of microsculpture patterns and assess the likelihood that one
microsculpture type would evolve towards another, we focused on two genera that feature high
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variation in microsculpture patterns among species and have well-supported phylogenies:
Polyrhachis and Crematogaster (Fig. C & D) (BLAIMER 2012, MEZGER & MOREAU 2016). For
each genus, the same ancestral trait reconstruction as described above was conducted with an
additional analysis of texture transition using the “Summarize Changes in Selected Clade Over
Trees” function in Mesquite. We pruned trees to match our collected texture data (Polyrhachis =
112 Tips, Crematogaster = 94 Tips) and assigned the remaining species to a multi-state cuticle
classification system (Smooth = 0, Reticulate = 1, Striate = 2, Punctate = 3, and Tuberous = 4).
We mapped state changes from one consensus tree and sampled mappings from the tree 50
times. We then summarized the average number of samples across the mappings as a percentage
to illustrate which microsculpture transitions were most common.
From these analyses we found that the ancestral state of each genus was smooth.
Regarding Polyrhachis, we found that the most common cuticle pattern was smooth, and the
most common transition was from reticulate to striate (Fig. B). The pattern we observed in
Crematogaster was nearly identical, as the most common microsculpture type was smooth, and
the most common transition was from smooth to striate. In general, we found smooth
microsculpture frequently transitions to any of the three other categories we investigated (no ants
in this dataset were tuberous). Transitions from reticulate and striate to smooth were also
common. Within Polyrhachis, striate was more likely to arise from reticulate than smooth,
suggesting reticulate is a transitional state to striate in this genus. In Crematogaster, however,
striate species evolved more commonly from smooth than reticulate, and there were almost zero
instances of transitions from reticulate to striate. Most cuticle patterns showed that they could
evolve from any other with two exceptions: there were no transitions from punctate to striate or
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striate to punctate. It appears that punctate and striate patterns are not closely related to each
other, and both are more likely to evolve independently from a smooth or reticulate basal state.
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Tables and Figures
Table 1. Ant microsculpture categories and associated taxonomic terms
Microsculpture category

Taxonomic Terms, from Harris (1979)

Smooth

destitute, ecarinate, explicate, glabrate, glabrous, immaculate, impunctate, inermis,
investitus, micans, mutic, nitid, nude, politius

Reticulate

aciculate, alveolate, areate, areolate, cataphracted, catenate, catenulate, clathrate,
consute, coriarious, crenate, crenulate, fatiscent, fissate, fossulate, imbricate,
muriculate, reticulate, rimose, rimulose, rivose, rivulose, scabriculous, scutate,
scarified, squarrose, tesselate

Striate

carinate, carinulate, costate, costulate, cristate, cristulate, institia, lineate, lineolate,
plicate, porcate, rastrate, rugose, rugulose, scabrid, scabrous, scrobiculate, striate,
strigate, strigulate, striolate, sulcate, taeninate, undose, venose, vermiculate

Punctate

foveate, foveolate, lacunose, porose, punctate, puncticulate, punctulate, variolate

Tuberous

asperous, acinose, caelate, cariose, colliculate, echinate, echinulate, farinaceous,
farinose, granulate, irrorate, munite, nodulate, papillate, papullulate, perlate,
pruinose, pulverulent, pustulate, rorulent, sate, spherulate, spinose, spinulate, torose,
torulose, tuberculate, verrucose
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Figure 1. Examples of cuticle microsculpture; (A) side and (B) frontal view of Polyrhachis
maryatiae (KOHOUT, 2007) featuring fine, punctate microsculpture (CASENT0217434,
Photographer: Will Ericson); (C) frontal and (D) side view of Polyrhachis kokoda (KOHOUT,
2007) featuring deeply striate microsculpture (CASENT0009241, Photographer: April Noble).
Images modified from AntWeb.org.
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Figure 2. Diagram of insect cuticle in cross section showing four primary layers: epidermis,
endocuticle, exocuticle, and epicuticle.
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Figure 3. Classification guide for ant microsculpture patterns. Images modified from
AntWeb.org.
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Figure 4. Proportion of microsculpture patterns found within genera mapped onto the ant
phylogeny of MOREAU & BELL (2013). Note that the three basal lineages of Formicidae are
smooth and that cuticle microsculpture likely evolved later in the ant phylogeny.
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Figure 5. (A) The number of ant species exhibiting each microsculpture type out 11,722 ant
species and subspecies classified; (B) Proportion of species featuring each microsculpture type
within the six largest ant subfamilies. Note that microsculpture is most prevalent among
members of the Ectatomminae and Myrmecinae, while smooth dominates among the
Dolichoderinae and Formicinae.
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Figure 6. Examples of smooth sculpturing found on fossil ants in amber; (A) worker from the
subfamily Sphecomyrminae, which dates to the cretaceous; (B) worker from the genus
Haidomyrmex, also known as “hell ants,” which dates to the late Cretaceous. Images modified
from Burmese-amber.com under Creative Commons Attribution-ShareAlike license.
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Figure 7. Cuticle microsculpture in potential cross section; (A) cuticle may be smooth on the
external and internal surfaces; (B) cuticle may be sculptured on the external surface but lack
sculpturing on the internal surface; or (C) cuticle may be sculptured on both the external and
internal surfaces.
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Figure 8. Textile prints inspired by ant cuticle microsculpture. Designer Meredith West worked
with ant researchers Clint Penick and Adrian Smith to develop a line of textile prints using
images modified from AntWeb.org to create pattern repeats.
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Figure Box 1. Examples of ant species whose microsculpture could not be easily classified,
including (A) Polyrhachis aureovestita (CASENT0281395, Photographer: Estella Ortega),
which are covered by dense hairs that obscure potential microsculpture, and (B) Pheidole aelloea
(CASENT0076807, Photographer: Will Ericson), which exhibits multiple microsculpture types
on the head (striate and reticulate); Images modified from AntWeb.org. (C) Percent full
agreement among three researchers who classified 2,778 species and subspecies across each
genus before and after adjusting microsculpture definitions to their current form. Dotted line
shows 100% agreement.
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Figure Box 2. State transitions from one microsculpture type to another (represented as percent
of total) for Polyrhcahis (21 transitions) and Crematogaster (23 transitions). Note that neither
genus included cases of tuberous microsculpture, and Crematogaster did not include cases of
punctate microsculpture.
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Chapter 2: Nesting biology and diet explains the evolution of complex cuticle traits in ants
Introduction
Insects display an incredible diversity of shape and form as they comprise the majority of
biodiversity on Earth (GRIMALDI & ENGEL 2005). Taxonomists are charged with describing the
morphology of brilliant structures found on insects; however, often the function is not as readily
comprehensible. For example, work over the last decade has revealed the origin and function of
the “helmet” of treehoppers Membracidae (PRUD’HOMME & al. 2011, YOSHIZAWA 2012). The
helmet can take on the appearance of large horns, leaves, or even ants and wasps all to deter
predation. A similar enigmatic structure in insects is microsculpture, which are a collection of
ridges, bumps, and grooves that exist on the surface of insect exoskeletons. These textures are
found widely across many groups like reptiles, plants, and beetles, but reach an astonishing
abundance and diversity within ants Formicidae as roughly half of the 16,000 species possess
some form of microsculpture (LINDROTH 1974, YOUNG & SCHADEL 1990, ALLAM & ABOELENEEN 2012). Work has begun to unravel the function of these structures, particularly in
reptiles; however, the functionality in many groups still remains unknown (DOBERSKI &
WALMESLEY 2007, SCHENK & al. 2016b, RIESER & al. 2021). Similarly, the function of
microsculpture in Formicidae is unknown but recent efforts have sought to build support for
functional hypotheses. These methods have proved fruitful in identifying some relationships
between microsculpture and function, but rely on small sample sizes due to the difficulty of
acquiring many morphological and physiological measurements (GIBB & al. 2015, BUXTON & al.
2021). Here we use a candidate trait approach and leverage publicly available ant databases to
identify and affirm key trait associations with ant cuticle microsculpture
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Ants are small and lack ornamentation and color variation that taxonomists often rely on to
distinguish insect species. Instead, ant taxonomists must rely on more subtle morphological
traits. A key feature for classification is cuticle microsculpture, which are textures and patterns
that adorn the exoskeleton. To effectively distinguish microsculpture between the thousands of
ant species on Earth, taxonomists use over 100 terms to describe these patterns (HARRIS 1979).
This vocabulary gives taxonomists tools to distinguish between closely related species; however,
it is unknown why these traits can vary so widely from species to species. The diversity of
cuticle microsculpture within ants suggests that these textures are an adaptive trait undergoing
some form of selection. Recent work has sought to build hypotheses for these structure-function
relationships and examine microsculpture evolution (Hellenbrand & Penick In Review).

One way to begin parsing the structure-function relationship of ant cuticle microsculpture is to
build support for functional hypotheses through identifying associations with other
morphological, physiological, and ecological traits. Ants are a strong model system to parse
these complex relationships as there has been an effort to make public large trait databases
(ROBSON & KOHOUT 2007, LUCKY & al. 2013, PARR & al. 2017, SOSIAK & BARDEN 2021) and
recent work has sought to identify traits that correlate with microsculpture other important
behavioral characteristics (GIBB & al. 2015, BUXTON & al. 2021, SOSIAK & BARDEN 2021).
Using a wide range of traits to test for associations is beneficial as easily measured
morphological traits can be used as proxy for more difficult to obtain life history traits. For
example, morphological traits like hind femur length strongly correlate with ants active in the
leaf litter, whereas eye size can be indicative of nest site (SOSIAK & BARDEN 2021). This may
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reveal that microsculpture is intimately tied to certain ecological traits, which can lead to further
focused experimental research to elucidate function.

We apply a classification system that reduces microsculpture to a binary trait – rough our smooth
– to identify key trait associations with the presence of ant cuticle microsculpture. We build a
trait database with data for head width, weber’s length, hind femur length, eye width, critical
thermal maximum, critical thermal minimum, desiccation resistance, diet, nesting behavior, and
activity from existing public databases and tested for correlations with cuticle microsculpture
traits. We then use a model genus Polyrhachis to further test trait associations while controlling
for phylogenetic signal. We then evaluated current hypotheses related to microsculpture which
may explain these associations.

Based on previous hypotheses and results, we make the following predictions. We predict a
significant correlation between body size and microsculpture, as this correlation was found in
other studies of microsculpture (BUXTON & al. 2021) Following this, we expect a significant
correlation between CTmax and microsculpture. We also predict both nesting biology and diet
will be significant predictors of cuticle microsculpture (GIBB & al. 2015).

Methods
Cuticle sculpturing classification
We classified cuticle microsculpture of 11,722 ant species into five categories based on the
scheme found in Hellenbrand & Penick (In Review). Briefly, these categories are: “smooth”ants appear shiny or dull depending on hairs or scaling on the cuticle, “striate” - ants possess
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lines or ridges that extend longitudinally over the body surface, “punctate” - ants possess
circular, concave depressions present on the cuticle, “reticulate” - ants that have intersecting
longitudinal and transverse ridges that give the cuticle a netted appearance, and “tuberous” - ants
have raised protuberances or blunt spines that cover the body surface. Likely, the cuticle of ants
is under selective pressure from a wide range of environmental factors, which can have
synergistic and antagonistic effects with each other. To directly test what morphological,
physiological, and ecological traits correlate with the presence or absence of microsculpture, we
used a binary microsculpture classification system. Ants classified as punctate, striate, reticulate,
and tuberous were considered “rough” and ants that were classified as smooth were considered
“smooth”. For classification, we used images present on AntWeb.org to classify textures on the
head focusing on the region between the clypeus and vertex as well as between either lateral
cephalic margin. We sampled one worker, excluding sexuals and soldier castes for each species
present on AntWeb.org. For a more in-depth description of the classification system please see
Hellenbrand & Penick (In Review).

Morphological Traits
Databases report morphological trait information on many traits; however, we expect that not all
traits are relevant predictors of microsculpture. To narrow down potential predictors, we
reviewed the literature to identify key traits that may associate with microsculpture. In particular,
Sosiak & Barden et al. (2021) identified three morphological traits that predict the ecomorph of
species. These traits were Weber’s length, hind femur length, and eye width. For example, hind
femur length is significantly related to leaf litter foraging beahvior. Using this analysis, we chose
head width, weber’s length, hind femur length, and eye width as potential predictors of cuticle

60

microsculpture. We included two measurements that approximate body size (head width and
weber’s length), as previous studies related to microsculpture use both measurements (GIBB &
al. 2015). We sourced our morphological trait information from two publicly available sources
(PARR & al. 2017, SOSIAK & BARDEN 2021).

Physiological Traits
Most physiological measurements of ants focus on critical thermal limits as they are key
predictors of ecological niche and success (ROEDER & al. 2021). They have also been identified
in recent studies as possible correlates with microsculpture (BUXTON & al. 2021). For these
reasons, we gather data from the Global Thermal Database and other publicly available databases
(BUJAN & al. 2016, BENNETT & al. 2018, NOWROUZI & al. 2018, BUJAN & al. 2020, LEONG & al.
2022) for CTmin and CTmax. Other physiological traits were considered, like LT50; however,
these traits lacked robust datasets.

Diet Traits
We chose to aggregate diet data from publicly available databases since recent work has found
significant associations between diet and microsculpture (GIBB & al. 2015). We sourced diet data
from Sosiak & Barden (2021) and Parr & al. (2017). In total, the databases use 7 terms to
describe diet. We took two approaches to classify the data. The first approach was a binary
classification system that groups ants based on predatory and non-predatory feeding strategies.
Note, generalists were classified as non-predatory despite possibly exhibiting some predatory
behavior as likely they undergo different selective pressures than ants that are exclusively
predatory. For the second approach, we used the classes from either database to build a multi-
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state classification system. The classes were Generalist Predator, Specialist Predator, Generalist,
Granivore, Fungivore, and Sugar Generalist. Classes that had less than 5 total data points were
excluded as the small sample size interfered with the analysis.

Nesting Biology Traits
Nesting biology has been found to have an association with microsculpture (GIBB & al. 2015).
For this reason, we aggregated nesting data from the Global Ants Database and other sources to
further explore the relation between microsculpture and nesting biology (LUCKY & al. 2013,
PARR & al. 2017, SOSIAK & BARDEN 2021). To account for the multitude of locations that ants
build their nests, databases use 13 different terms to describe nesting biology. Across these terms
there can be significant overlap in definition. We take two approaches to simplify these nesting
biology classifications. The first approach is a binary classification system based on definitions
from Robson & al. (2015). We group ants into two categories – Ground nesting and Arboreal
nesting. Ground nesting ants include those who’s nests are described as surface, subterranean,
dead wood, terrestrial, under stones, soil, epigaeic, hypogaeic, lithocolous, and leaf litter.
Arboreal ants include those who’s nests are described as arboreal, lignicolous, or carton. The
second approach was to group like terms together to form a multi-state classification system. We
found that the 13 original terms could be reduced to 6 total. They were subterranean (soil,
subterranean, and hypogaeic), ground (under stones, lithocolous, ground, dead wood, terrestrial),
surface, leaf litter, lignicolous, and arboreal (arboreal and carton). Some ant species were
recorded to nest in multiple locations. In these instances, we removed them from the analysis
when definitions conflicted with each other. For example, ants recorded nesting in both soil and
arboreal sites were excluded.
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To further explore associations between nest site and cuticle microsculpture while considering
the effect of phylogeny, we sourced nesting and microsculpture data for Polyrhachis (ROBSON &
KOHOUT 2007, Hellenbrand & Penick In Review). Polyrhachis is an ideal genus to test for coevolution between nest site and microsculpture because the genus has a high diversity of
microsculpture and nesting strategies among species as well as a recent well-developed
phylogeny (ROBSON & KOHOUT 2007, MEZGER & MOREAU 2016; Hellenbrand & Penick In
Review). We mapped characters onto terminal nodes of the Polyrhachis phylogeny. We assigned
a state for nesting and microsculpture at each terminal node in the phylogeny. We used the
binary coding scheme for nest site and microsculpture (Ground Nesting = 0, Arboreal Nesting =
1; Smooth = 0, Rough = 1) as required for the analysis.

Statistical Analysis
To identify key trait correlations with microsculpture, we ran generalized linear mixed models
(GLMM; Family = Binomial) in the program R using the package “lme4” for three groups of
traits (morphological, physiological, and ecological) (BATES & al. 2015). For the morphological
model, we used head width, Weber’s length, hind femur length, and eye width as fixed effects.
For the physiological model, we used CTmax and CTmin as fixed effects. . All GLMM’s
included “subfamily” as a random effect. In addition to the GLMM for both morphological and
physiological traits, we used a generalized linear model (GLM) to examine trait relationships
with microsculpture without accounting for “subfamily” as a random effect. For the ecological
model, we ran separate tests for the fixed effects of diet (predatory vs. non-predatory) and nest
site (ground vs. arboreal) as it was unlikely that these traits covary. In addition to the ecological

63

models, we used GLMM’s to quantify the relationship between multi-state nesting (subterranean,
ground, surface, leaf litter, lignicolous, and arboreal) and diet (generalist predator, specialist
predator, granivore, fungivore, generalist, and sugar generalist) configurations in respect to
microsculputre. Both ecological GLMM’s included “subfamily” as a random effect.

Finally, to further explore the evolutionary relationship nesting and microsculpture traits within
the genus Polyrhachis, we used Pagel’s Correlation Analysis (Pagel 1994). We used the binary
coding scheme for texture and nesting as binary state comparisons are required for the analysis.
We implemented this test using the “Correlation Analysis” function in Mesquite (MADDISON &
MADDISON 2011) and tested for any effect between the nesting and microsculpture. To test for
statistical significance in our analysis, we used Monte Carlo simulations (n = 1000) in Mesquite
to approximate the p-value.

Results
Correlation between morphological traits
Overall, we aggregated data for head width (n = 524 ), Weber’s length (n = 461), hind femur
length (n= 478), and eye width (n= 469), which represents data for roughly 3% of all ants. We
found no evidence of a significant relationship between morphological traits (head width,
Weber’s length, hind femur length, and eye width) and cuticle microsculpture (rough vs. smooth)
(Table 1) using generalized linear mixed models (GLMM) while including “subfamily” as a
random effect. To further explore this relationship, we removed the random effect of
“subfamily” and found no significant relationship between morphological trait and
microsculpture through a generalized linear model. Lastly, pairwise comparisons using
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generalized linear models between single morphological traits and microsculpture yielded nonsignificant results.

Correlation between critical thermal limits
For physiological traits, we aggregated data for CTmax (n = 278) and CTmin (n = 132), which
represents roughly 1.2% of all ants. We found they had no significant relationship with
microsculpture (Table 1) while including “subfamily” as a random effect. We also found no
significant effect between physiological traits and microsculpture when using a generalized
linear model without the random effect. Lastly, we found no significant effect between CTmax
or CTmin and microsculpture when tested using pairwise comparisons through generalized linear
models.

Correlation between diet
We collected diet data for 164 ants, which is roughly 1% of all species. 106 species were nonpredators, and 61 species were predators. We found a significant relationship between diet and
microsculpture using GLMM’s, while accounting for “subfamily” as a random effect (Table 2;
Figure 2). We also found a significant effect of diet when in a multi-state configuration
(Generalist predator = 39, Specialist predator, Generalist = 67, Granivore = 6, Fungivore = 13,
and Sugar generalist = 17) (Table 2). General predator returned as a significant fixed effect on
microsculpture.
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Correlation between nesting biology
We collected nesting data for 475 ants, which is roughly 2.9% of all ant species. 182 species
were arboreal nesting, and 264 species were ground nesting. Using a GLMM with “subfamily”
as a random effect, we find a correlation between nesting biology and microsculpture. (Table 2;
Figure 3). To further explore this relationship, we used a similar GLMM with nesting biology as
a multi-factor predictor (Arboreal = 117, Lignicolous = 58, Leaf litter = 69, Surface = 33,
Ground = 75, Subterranean = 90) and find significant relationships between arboreal, lignicolous,
leaf litter, ground, and subterranean nesting and microsculpture (Table 2).

Finally, we explored the relationship between nesting and microsculpture, while accounting for
the effect of phylogeny using Pagel’s Correlation Analysis in the model genus Polyrhachis. The
genus displayed a range of cuticle texture (smooth = 210, reticulate = 161, striate = 166, punctate
= 19, tuberous = 0) and nesting preference (arboreal = 118 , ground = 47 ). A total of 84 species
had data for cuticle texture and nesting preference as well as a node on the phylogeny. The genus
level phylogeny is unresolved, so we retained all possible evolutionary placements on the tree for
each species. Across the Polyrhachis phylogeny, support for dependent trait evolution between
texture and nesting was found using Pagel’s Correlation Analysis based on the Mk model over
1000 simulations (Likelihood difference = 3.0269, p = 0.01) (Figure 4).

Discussion
We used a candidate trait approach to identify and aggregate trait data from publicly available
databases to determine if morphological, physiological, and ecological predict the presence of
cuticle microsculpture. First, our data shows no significant correlations between morphological
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or physiological traits and microsculpture. Second, we find diet and nesting were significantly
correlated with microsculpture presence. Finally, narrowing our focus on a diverse genus of ants,
Polyrhachis, we find strong support for the co-evolution of nesting and microsculpture. Our
results provide support for three functional hypotheses related to ant cuticle microsculpture –
abrasion reduction, insect-microbe interactions, and structural support (Hellenbrand & Penick In
Press).

Ants nesting in the soil face distinct environmental pressures than those that nest arboreally.
Primarily, ants that nest in the soil must deal with two factors – abrasion accumulated through
nest excavation and exposure to high microbial loads within the soil (JOHNSON & al. 2011,
AISLABIE & DESLIPPE 2013). These factors can present unique challenges to both the individual
and the colony. Abrasion associated with digging can increase water loss rates by 2 to 3 – fold
which greatly increases the risk of desiccation in the individual (JOHNSON 2000), while harmful
pathogens can quickly spread and infect entire colonies due to high population densities
(CREMER 2019). Our data suggests that ground nesting ants may deal with these challenges
through the development of complex microsculpture on the surface of their exoskeleton. No
work has examined the experimental effect of microsculpture in ants; however, there are
examples of microsculpture aiding abrasion reduction and managing disease in other systems.
For example, Grooves on the surface of desert scorpions has been found to reduce the effect of
sand abrasion, while cicadas possess nano-pillars on their wings that can quickly destroy bacteria
(IVANOVA & al. 2012, HAN & al. 2017).
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When nesting is further broken down into a multi-state configuration, we find that lignicolous
nesting ants show the opposite of our expected trend with the majority of ants possessing rough
microsculpture. The tendency towards rough microsculpture in lignicolous nesting ants indicates
that there are additional environmental pressures other than nest site that select for
microsculpture. Ants spend the majority of lives within the nest; however, foragers must often
leave the nest to acquire nutrition for the colony (CHARBONNEAU & al. 2017). Lignicolous
nesting ants may forage on the ground where they are exposed to similar environmental
pressures as ground nesting ants (GOVE & MAJER 2006). In addition, our data suggests that diet
is a significant predictor of microsculpture presence. Of the 58 lignicolous nesting ants in our
dataset, we had diet data for 8 species (5 non-predatory vs. 3 predatory), which is not enough to
parse the interaction between nesting and diet. To understand the drivers of cuticle
microsculpture, further work should quantify the relationship between nesting and diet.

We find a correlation between diet and microsculpture as predatory ants are more likely to have
rough microsculpture. Predatory ants tend to have thicker and stronger cuticles, which makes
them more likely to survive interactions with prey by increasing the force needed to puncture the
exoskeleton (GIBB & al. 2015, BUXTON & al. 2021). Likewise, microsculpture may act similar to
corrugation to further increase the durability of the exoskeleton. Corrugation structures have
been found in insect wings and clam shells and greatly increase the stiffness of the material
(VOGEL 1998, LUO & SUN 2005). These structures possess a high strength-to-weight ratio, which
allows for an increase in exoskeleton strength without the high investment costs (DAVIDSON
2005). Diet also plays a role in limiting the nutrition available to species. Predatory ants have
greater access to proteins and other compounds that can be incorporated into the exoskeleton
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(GIBB & al. 2015) while non-predatory ants must primarily rely on sugars to build their
exoskeleton (PEETERS & ITO 2015). This disparity in nutrition may manifest itself in the resource
investment in workers, as predators tend to have thicker, more robust exoskeletons than the
thinner, weaker exoskeletons of non-predators (GIBB & al. 2015).

We found no association between physiological traits and microsculpture, though we predicted
there would be some effect based on findings from Buxton & al. (2021). The study examined a
small sample of ants (n = 70) from South Australia and found weak associations between CTmax
and microsculpture. This trend does not hold up when examined across a larger, more global
dataset, though this finding may be confounded by the activity of the ant species. Activity
(diurnal or nocturnal) is intimately tied to CTmax (BUXTON & al. 2021) and controlling for it
within models is necessary to understand the relationship between CTmax and microsculpture.
We were unable to control for the effect of activity within our own analysis due to the lack of
data for this trait.

Similarly, we found no correlation between morphological traits and microsculpture, though we
predicted there would be some effect, particularly with body size based on associations found in
Buxton & al. (2021). The effect of body size may be confounded with other environmental
variables as scaling properties may dictate the severity of abrasion. Ground nesting ants range
greatly in size from the 1.5 mm. Phediole adrianoi to the 8 mm. Pogonomyrmex badius. Each
species nests within the same ground habitat but has different strategies to construct their nests.
Ph. adrianoi excavates a single sand grain at a time, while P. badius excavates pellets containing
nearly 160 sand grains (TSCHINKEL 2021). This difference in excavation strategy likely effects
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the amount of abrasion accumulated by each individual; however, this effect may be small as it
can depend on the amount of excavation needed to create the nest and the excavated material
properties.

Conclusion
Ant cuticle microsculpture is likely a complex morphological trait that possesses numerous
functional capabilities. Through our candidate-trait approach, we found no evidence that
morphology or physiology predict the presence of microsculpture; however, we identified that
nest site and diet are key ecological traits that drive microsculpture evolution. The goal of future
work should seek to test functional hypotheses associated with microsculpture through
experimental manipulation.
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Table 1: Results from Generalized Linear Mixed Models (GLMMs) examining the relationship
between microsculpture (smooth vs. rough) and morphological and physiological traits.
Subfamily was included as a random effect in all models to account for the effect of shared
evolutionary history. No morphological or physiological traits had significant effects on
microsculpture.
N
(species)

Estimate

Z

p-value

Head Width (mm)

524

-.1736

-0.365

0.72

Weber’s Length (mm)

461

-.7141

-1.579

0.11

Hind Femur Length (mm)

478

.7138

1.793

0.073

Eye Width (mm)

469

-.4741

-.4069

0.64

CTmax (°C)

278

.00343

.055

0.96

CTmin (°C)

132

-.02181

-.245

0.81

Parameter
Morphological traits

Physiological traits
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Table 2: Results from Generalized Linear Mixed Models (GLMMs) testing the relationships
between microsculpture (smooth vs. rough) and both nesting and diet in binary and multi-state
configurations. Subfamily was included as a random effect in all models to account for the effect
of shared evolutionary history.
Parameter

N
(species)
164

Estimate

Z

p-value

-1.9308

-2.986

0.00028*

475

-.5031

-3.086

0.023*

Arboreal

117

1.2611

2.539

.011*

Lignicolous

58

-1.8340

-5.090

<.0001*

Leaf Litter

69

-1.1800

-3.177

.001*

Surface

33

-.3982

-.908

0.36

Ground

75

-.7285

2.002

0.045*

Subterranean

90

-1.6252

-4.882

<.0001*

Generalist Predator

39

-1.9098

-2.128

0.033*

Specialist Predator

22

-1.1726

-1.280

0.22

Generalist

67

0.0451

0.068

0.95

Granivore

6

0.1150

0.108

0.91

Fungivore

13

1.07664

1.116

0.26

Sugar Generalist

17

1.8866

1.453

0.15

Diet (predatory vs. non-predatory)
Nesting (ground vs. arboreal)
Nesting

Diet
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Figure 1: Pairwise comparisons of morphological and physiological traits to cuticle
microsculpture (smooth vs. rough). All morphological and physiological were non-significant.
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Figure 2: Breakdown of cuticle microsculpture (smooth vs. rough) based on binary and multistate diet configuration. Generalist predator was a significant predictor of microsculpture.
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Figure 3: Breakdown of cuticle microsculpture (smooth vs. rough) based on a binary and multistate nesting configuration. Arboreal, ground, leaf litter, lignicolous, and subterranean were
significant predictors of microsculpture.
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Figure 4: A character map of
microsculpture and nesting traits within
the genus Polyrhachis (MEZGER &
MOREAU 2016). Smooth cuticle ants
denoted in grey and rough cuticle ants
denoted in red. Ground nesting ants
denoted in blue and arboreal nesting ants
denoted in green.
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statistics to produce a new understanding of the evolution and function of ant cuticle
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